Giant Renner-Teller vibronic coupling in the BF 2 radical: An ab initio study of the X A 2 1 and A 2 electronic states J. Chem. Phys. 133, 064304 (2010) The BO neutral, cationic, and anionic molecular species have been painstakingly studied through multireference configuration interaction and single reference coupled cluster methods employing basis sets of quintuple cardinality. Potential energy curves have been constructed for 38 (BO), 37 (BO + ), and 12 (BO − ) states and the usual molecular parameters have been extracted most of which are in very good agreement with the scarce experimental data. Numerous avoided crossings appear on more or less all of the studied states of the neutral and cationic species challenging the validity of the Born Oppenheimer approximation. Finally, all excited states of the anionic system lie above the ground state of the neutral BO system and are therefore resonances. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Boron oxide (BO) is a small 13 electron system that was first observed by Lord Rayleigh in 1913 during the reaction of BCl 3 with N 2 . He observed a bright greenish blue flame whose spectrum showed many clearly defined bands (see Ref.
2), but Jevons 1 who identified two distinct band systems, α (6370-3370 Å) and β (3256-2140 Å), inadvertently ascribed them to BN. Some years later, in 1925, Mulliken 2 correctly attributed the system to BO and extended Jevons previous measurements providing also for the first time a complete verification of the vibrational isotope effect and the existence of zero point energy in what is now considered to be a paper of historical importance. Jenkins 3 has shown that the rotational structure of the observed bands belongs to a 2 -2 transition (a band system) with the . The β system was shown by Lagerqvist et al. 6 to be due to a B 2 -X 2 electronic transition. Besides these two distinct α and β systems, a third electronic transition (γ system) was discovered by Chrétien 7 in 1950 that was shown by Mal'tsev et al. 8 and Kuzyakov et al. 9 a decade later to involve a (C) 2 excited state. Clyne and Heaven 10 reported the first laser induced fluorescence spectra of the BO(A-X) system extended up to the v = 11 level while Dunn and Hanson 11 recorded and analyzed the 0-2 band of the same α system.
Coxon et al. 12, 13 and Mélen et al. 14 presented accurate constants of the X 2 + , A 2 , and B 2 + electronic states for both 10, 11 BO isotopic species which are particularly useful a) kalemos@chem.uoa.gr for the calculation of accurate Rydberg-Klein-Rees (RKR) potential curves and Frank-Condon factors. Mélen et al. 14 have also found a previously unreported perturbation in the (v =)8-(v =)1 band of the A-X system. In this band, the 2 3/2 substate of the v = 8 level shows a perturbation in the Q 11 and P 12 branches with a maximum at J = 21.5. From extrapolation of the ground state energy levels it was found that this perturbation is due to the v = 20 ( 2 + 1/2 ) level. Thirty six bands of the γ (C-X) system were rotationally analyzed by Mélen et al. 15 resulting in better constants for the C 2 state that was also shown to be a regular one. Strong perturbations are found in the spectra due to more than two perturber states.
Curiously enough the B 18 O species remained unexplored until very recently. Bojović et al. reported a vibrational 16 and rotational 17 analysis of the β system of B 18 O for the first time. All of the above concern three band systems, α, β, and γ , between four electronic states, i.e., X 2 + , A Over the years the molecular constants of the X 2 + state have been refined through microwave 19 and infrared laser spectroscopy. [20] [21] [22] This is grosso modo all we know about BO from an experimental point of view. The situation is not that much better at the theoretical level. Although there are several theoretical papers on neutral BO, 23 they are at a low computational level making them unsuitable for a serious comparison with experiment. There are nevertheless four studies which we feel they deserve to be mentioned explicitly. The first one The cationic BO + species is extremely poorly known. We are aware of only four papers dealing with this system. The very first one is a 1967 experimental observation by Kataev and Mal'tsev on an electronic transition 1 + -1 + (at 3.47 eV). 27 The second one is a MRDCI/[5s3p1d] study by Karna and Grein 28 on 24 BO + states with only 9 of them being bound. The third one is an exhaustive study on only two of its states (X 1 + and 2 3 ) by using a series of correlation consistent basis sets with both contracted and uncontracted MRCI calculations. 29 The final one is a low resolution VUV absorption spectrum of BO 18 that recorded four electronic states of BO + of 1 + and 1
symmetry. The anion BO
− is also very poorly studied. All but one study is devoted to the determination, experimentally or theoretically, of the electron affinity (EA) of the neutral BO. The only work pertaining to its electronic structure, both ground and excited states, is a complete active space self-consistent field (CASSCF) study 30 on its three lowest states of 1 + , 1 , and 1 symmetry. Potential energy curves and the associated molecular constants are also reported. We are aware of only three experimental papers dealing with the EA. A value of EA = 2.84 ± 0.09 eV was first reported in 1971 by Srivastava et al. 31 based on the equilibrium constant of the BO + Cl − → BO − + Cl reaction, that is also consistent with a lower limit of 2.48 eV assigned by Jensen. 32 The second experimental study is a negative ion photoelectron spectrum of 11 BO − to form BO (X 2 + ). 33 The origin of the band observed is at 2.508 ± 0.008 eV, this value has been accepted as the EA of 11 states at the internally contracted multireference configuration interaction (icMRCI) level of theory employing large basis sets. We strongly believe that such a study will prove particularly invaluable to the experimentalists in deciphering the observed perturbations and in the prediction of potential new ones. − for the BO − ) was extracted through single and double excitations out of all configuration functions (CF) of the reference space within the internally contracted icMRCI scheme 37 and through the restricted coupled cluster + single + double + perturbative connected triplets (RCCSD(T)) 38 computational methods. Core-valence correlation effects (13e − for BO, 12e − for BO + , and 14e − for BO − ) were considered at the RCCSD(T) computational level while scalar relativistic effects at the second order Douglas-Kroll-Hess (DKH2) approximation. 39 Size nonextensivity errors amount to ∼5 mE h (BO), ∼2 mE h (BO + ), and ∼18 mE h (BO − ) and are practically cancelled out at the +Q Davidson correction level. 40 All calculations were performed under C 2v symmetry and equivalence restrictions with the MOLPRO 2012.1.12 program. (12) are presented in Figure 3 . The molecular states are tagged either with a number representing their ascending energy order or with a letter when they are spectroscopically known. In what follows we will discuss the X 2 + , A 2 , and B 2 + BO, the X 1 + , 2 3 , and A 1 BO + , and the X 1 + BO − molecular states. The remaining of them will be detailed in the supplementary material 42 of this paper. 
II. COMPUTATIONAL DETAILS
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III. RESULTS AND DISCUSSION
B. BO
+
We have studied all molecular states arising from
, and Its equilibrium configurations are surprisingly enough of multi reference character: Fig. 2 ) are of identical bonding character, their energy difference is only E = 10 mE h , but they are related to different dissociation channels, i.e., the 2 3 dissociates to the ground state fragments while the A 1 to the first excited one. Both result from the A 2 BO state (see Fig. 1 ) by removing one electron from the σ frame (5σ orbital of primarily 2s B character). All their equilibrium features like CFs, Mulliken analysis, and molecular constants point to their similarity: 4) . SCHEME 1. SCHEME 2. SCHEME 3. SCHEME 4. SCHEME 5.
The difference between the 2 and A states is the spin coupling of the 5σ 1 1π x 1 electrons. We should note the complete disagreement between the only experimental value of T e (A-X) = 6.18 kcal/mol 18 33 or D e = D 0 0 + ω e /2 = 218.92 ± 3.46 kcal/mol. It is indeed very close to the binding energy of the isoelectronic system N 2 (D 0 0 = 225.06 kcal/mol). 45 The C-RCCSD(T)/AC5ζ r e = 1.2365 Å, ω e = 1720 cm −1 , and EA = 2.502 eV values have practically converged to the experimental ones, 33 i.e., r e = 1.236 ± 0.010 Å, ω e = 1665 ± 30 cm −1 , and EA = 2.508 ± 0.08 eV. The MRCI EA value of 2.17 eV is rather low mainly due to size nonextensivity errors. The +Q Davidson correction changes it by +0.204 eV but it is still far from the experimental value.
IV. CONCLUSIONS
We present for the first time high level ab initio MRCI(+Q), RCCSD(T), and C-RCCSD(T) results for a plethora of BO 0,+,− states. We have constructed PECs for 38 (BO), 37 (BO + ), and 12 (BO − ) states, and reported their molecular constants. We have analyzed and discussed the most salient features of their electronic structure and compared our theoretical findings to all existing experimental data. + states is the root cause of the observed perturbations through spin orbit coupling. Perturbations are also observed in the neutral BO system (a band system) between the highly excited vibrational states of the X state with the low ones of the A state.
We believe that we offer the most concise and trusted road map to the experimentalists interested in the presently studied systems and especially in their highly perturbed spectra (see Ref. 15) .
